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Abstract

The global, intergranular and intragranular responses of a polycrystalline aggregate are inves-
tigated. It is shown that the heterogeneity of stress and strain dramatically increases from the
global to the local level. Plastic deformation structures develop on a scale larger than the grain.
Several types of boundary conditions are applied to polycrystalline aggregates, in order to esti-
mate the importance of the surface effect. The results obtained are presented as contour plots on
the cube, and a detailed study is performed to relate the variation obtained with the orientation of
the grain and the position in the aggregate. © 2001 Elsevier Science Ltd. All rights reserved.

Keywords: B. Crystal plasticity; B. Elastic-viscoplastic material; B. Polycrystalline material; C. Finite
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1. Introduction

In the first part of the present work (Barbe et al., 2001), a numerical model has
been proposed to simulate the mechanical behavior of a polycrystalline aggregate. In
the second part, a particular aggregate (m4) is depicted in detail, in order to char-
acterise the homogenised response of the material, but also the stress or strain het-
erogeneity. This heterogeneity can be assessed by applying some averaging
operations of the given fields on all the grains with the same crystallographic orien-
tation, on a specific grain, or by considering the local values. It will be shown that
the scatter increases dramatically when a local value is considered. Besides, special
attention should be paid to the variability of these quantities according to parameters
like the volume of a grain, the distance to a free surface or the distance to the grain
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boundary. However, a more complete modeling and characterisation of polycrystalline
plasticity would require to take into account more parameters. For this purpose the
number of grains within the polycrystal and the absolute grain size might be two of the
essential parameters. This problem is briefly tackled in Section 3.1.

In Section 2, the conditions of the F.E. calculation are described, and the reference
calculation using the self-consistent formalism is performed. After comparing the
global loading curves and the stress-strain curves on cach phase for these two
approaches in Section 3.1, the end of the paper concentrates on the local fields
(Section 3) and on the effect of a free surface (Section 4). The plasticity mechanisms
are studied through stress and strain fields, but also quantities like the number of
active slip systems or the amount of plastic slip. This latter is defined as the sum of
the plastic slips over the systems (Zs|ys|) so it does not necessarily evolve as an
equivalent deformation. Contour plots are shown in Sections 3.3 and 4. The analysis
of the surface effect is conducted with representations of the distribution of internal
variables on different spaces: along a particular line, on contour plots and with
averaged values in planes parallel to the free surface. Several boundary conditions
are investigated, in order to extract the surface effect from the local scatter due to
stress redistribution: uniaxial tension with four lateral faces left free of forces on the
one hand, fully prescribed strain on the other hand, and intermediate cases with only
prescribed axial strain. The importance of the surface effect can then be qualified by
comparing it to the intergranular redistribution.

The motivation of such a study has to be found in the literature, specially in arti-
cles dealing with the study of the surface effect from a metallurgical point of view.
Extensive transmission electron microscopy studies of deformed single crystals at the
applied stress-state of early works (Fourie, 1967; Mughrabi, 1970; Pangborn et al.,
1981; Ungar et al., 1982) showed the propensity of the near surface region to harden
with dislocation arrangements and densities different from those observed in the
crystal interior. Still the effects observed are controversial (Mughrabi, 1992): a har-
dened surface layer was found in experiments on copper (Pangborn et al., 1981); the
change in mechanical properties was related to the dislocation density, which was
higher than in the bulk of the crystals. Besides, other works (Fourie, 1967; Mugh-
rabi, 1970) displayed the inverse effects of a softening surface region where disloca-
tion densities are lower and cell dimension larger than in the crystal interior. In the
case of multiple slip (Ungar et al., 1982), no conclusion could be drawn. Actually,
the experimental study of such an effect is a very difficult task. The observations can
be modified due to the presence of the oxide layer, which may introduce local
overstress. This explanation was for instance proposed by some authors (Nakada
and Chalmers, 1964) after tests on aluminium and gold single crystals: the surface
film is work-hardened for aluminium (where an alumina layer is present), but not on
gold. Similarly, the conclusions on single crystals can be different from those on
polycrystals. The mechanical approach can bring new results, which can be helpful
for the general discussion. Note that the calculations are performed with a crystal-
lographic model, which means that slip is the only deformation mechanism.
Accordingly, the effect of the local orientation will be significant. Still, the model
properties are independent of the distance to the surface, or of the distance to the
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grain boundaries. The effect which can appear in the computation at the level of the
integration point has to be related to the local balance of momentum, and to the
local stress redistribution. There is no specific effect like dislocation pile-up, image
force. The purpose of the modeling is precisely to address the question of the relia-
bility of the mechanics as it is applied at the microstructural scale.

Other attempts have recently been made to evaluate the surface effect numerically
(Pilvin, 1998; Sauzay and Gilormini, 1999; Barbe et al., 1999). While the first two
approaches consider a crystallographic inclusion in a homogeneous semi-infinite
medium, in the third, the analysis is based on finite element simulations of poly-
crystalline aggregates. The work of Pilvin enables to characterise a new concentra-
tion rule, for evaluating the stress in the inclusion, depending on the distance to the
surface. Due to the decrease of the constraint near to the surface, the concentration
rule tends to a Reuss type model while the strain heterogeneity increases. The per-
turbation due to the surface approximately corresponds to 3 or 4 grains in depth.
The work of Sauzay and Gilormini considers cyclic loadings, but is restricted to an
elastic homogeneous medium, having in view high cycle fatigue modeling. With only
one slip system in the inclusion it is shown that the surface effect strongly depends
on the crystal orientation. These conclusions may have to be revisited when the
influence of a realistic local microstructure is introduced.

2. Conditions of the calculations

The aggregate called m4-200-200 (Barbe et al., 2001) is now studied in detail, with
a 18x 18x 18-element-mesh, as justified in Part 1 of the article. It contains 200 grains
randomly oriented. The geometry of the microstructure is represented with finite
elements in Fig. 6¢ of the first part and the material parameters are given in Section
3.2 of the first part.

In the following sections the type of boundary conditions is systematically speci-
fied. It is one of the four loading cases defined below:

e homogeneous strain boundary conditions (HSB), corresponding to a prescribed
mean deformation E of the aggregate. All components of the displacement
vector at each node (position x) of the outer boundary of the cube are pre-
scribed according to:

u=Ex = <¢>=E (1

This prescribed strain E is obtained from the BZ homogenisation model (Berveil-
ler and Zaoui, 1979) presented in Part 1. The model is integrated in uniaxial tension,
that is under prescribed axial strain and a null stress on all the other components.
This should also lead to a zero resulting force on the lateral faces if the F.E. com-
putation is in agreement with the BZ model.

e a mixed type of boundary conditions (MB), where normal displacements are
imposed to the faces of the cube. The in-plane displacements of the faces are
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thus let free. These normal displacements correspond to the prescribed strain E.
e one lateral free face (1FF), where the axial displacement is imposed on the top
and bottom faces, and three of the four lateral faces are subjected to the pre-
scribed normal displacement defined above,
e four lateral free faces (4FF), where the axial displacement is imposed only on
the top and bottom faces.

A comparison of the local behavior according to the load case is detailed in Sec-
tion 4. Fig. 1 allows a first comparison on a macroscale.

3. Results
3.1. Global scale

Since random orientations have been assigned to the grains in the aggregate m4-
200-200 under concern here, each grain is considered as a new phase. It can be seen
in Fig. 1 that the agreement between the mean values obtained from the F.E. ana-
lysis and the prediction of the homogenisation model is good. The BZ curve
obtained with the RVE simulation exactly fits the response of the F.E. HSB calcu-
lation. As expected, the F.E. response is softer and softer when the boundary con-
ditions are released: at the end of the tensile load, the axial stress value is 396.3 MPa
with the BZ model, 395.4 MPa with HSB, 384.5 MPa with M B, then 375.3 MPa for
1FF and 368.3 MPa for 4FF. The maximum difference between the different types
of load is then 7%. The fact that the variation of the overall response remains rea-
sonably low indicates that the considered volume element containing 200 grains with
random orientations is not far from being a representative volume element (RVE) as
defined in the homogenisation theory (Huet, 1990).

The question of the minimum size of a RVE for a polycrystalline aggregate
remains a central and unsolved question of the mechanics of heterogeneous materi-
als. Actually the answer depends on the loading conditions and on the texture of the
material. The present numerical tool can be used to study the transition from the
multicrystal to the actual polycrystal behavior. If the number of grains is not large
enough, several realisations of the distribution must be considered, as done in the
Part 1. Such a transition has been studied for the torsion of copper wires (Quilici et
al., 1998): a typical number of 1000 grains in the cross-section of a cylindrical spe-
cimen has been found, that is about 30 grains in the diameter. The polycrystalline
cube considered here is made of a smaller number of grains but is not far from being
a RVE at least for tensile overall loading conditions.

Moreover, as shown in Fig. 1b, the tensile tests responses in the x direction for the
four cases of boundary conditions all fall onto the responses in the perpendicular y
direction, which confirms the isotropic behavior of the bulk. Thus it is demonstrated
that the self-consistent modeling is reasonable when 200 grains are involved in an
aggregate, and that the aggregate can be considered approximately as isotropic.
More complex loading conditions should be applied to the aggregate to confirm the
isotropic nature of the overall material response.
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Fig. 1. Simulations of tensile tests to 1.5% axial strain, from BZ-homogenisation and F.E., with different
loading conditions: (a) axial stress vs axial strain, (b) lateral strains vs axial strain.
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3.2. Phase scale

The averaged responses of the grains are quite inhomogeneous. As shown in
Fig. 2c,e where the mean stress—strain behavior of each of the 200 grains is plotted,
some phases work in tension as imposed by the global load, whereas others work in
compression as soon as plastic strain occurs. This is a direct consequence of the
interaction between grains; in such a configuration the response does not depend
only on the crystallographic orientation but predominantly on the constraints due to
neighboring grains, until the overall applied deformation affects once again the
compressing regions. All the phases then work in tension. It is also worth noting
how scattered those curves are, in comparison with the mean stress—strain response
and with the behavior of each of the four basic orientations (cf Part 1 of the article).
This interaction between grains leads to strongly non-proportional mean stress
evolution, as demonstrated on the (o), — 0..) plane on Fig. 3. Since the grain elasti-
city is chosen isotropic, all the grains are equivalent up to the onset of plasticity, at
(oyy = =74 MPa, o.. = 148 MPa), then the plastic flow produces contradictory
evolutions according to the grain: the lateral stress o, can either increase or
decrease.

The major role played by the neighboring grains on the behavior of an individual
grain can be assigned to the number of surrounding grains: from ten to twenty grains
differing from their size, morphology, position in the bulk and orientation, that is ten
to twenty ways to behave. A first classification of the grains is made according to their
volume in Figs. 4a and 5a. The final state of all the grains is shown in Fig. 4a, together
with the macroscopic curves. The symbol chosen for each grain depends on its
volume (respectively less than 3, between 3 and 30, more than 30, in all simulations
the volume of 1 element is taken equal to 1), in order to check if there is a numerical
artefact due to the small size grains. It is observed that the smallest grains present
the biggest discrepancy with respect to the reference state. Such a spreading might
also be due to the influence of a surface: as seen in Fig. 4b the smallest grains are
often the closest to the surface. However, if the smallest grains are excluded from the
analysis, the variation remains large (+30%) for grains having a volume superior to
27, i.e. for grains described by 27x27=729 integration points. This variation char-
acterises the neighborhood effect, and the grain-to-grain interaction. It is also illu-
strated in Fig. 5a and b where grains are also classified according to their normed
axial stress and their distance to the surface. The normed stress is defined by the
ratio of the stress from F.E. divided by the stress from the homogenisation model.
The variation is quantified by the width of the cloud of points at a given height of
the diagram. For example, grains in the core of the aggregate (respectively the big-
gest grains), behave nearly as predicted by the homogenisation model. But as soon
as a grain nearer the surface is considered (respectively a smaller grain), a larger
dispersion of behaviors is displayed. Since the behavior of the grains in the near
surface region have proved to be particularly influenced by their neighbors and
because of the controversy on that subject exposed in the literature, a study is con-
ducted in Section 4 on the effect of the boundary conditions for a tensile test, which
is specifically a study of the free surface effect in a purely mechanical sense.
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Fig. 2. Illustration of inter- and intra-granular heterogeneity from the mean response of each of the 200
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Fig. 3. Mean stress paths in each of the 200 phases of the polycrystal tensile strained at 1.5% with iso-
volumic conditions.

3.3. Intragranular level

After considering the heterogeneity at the scale of the phases, the final step of the
analysis of the F.E. results concerns the Gauss points. Three main features result
from the observation of the plastic strain fields in the aggregate (Figs. 6 and 7):

3.3.1. Development of plastic deformation structures

The plastic deformation distribution in an aggregate is generally not dictated by
the given geometry of the microstructure. In particular, the geometry of grain
boundaries does not directly appear on the contour plots (see e.g. Fig. 7a and b that
feature the distribution of cumulated strain on slices taken in the core of the bulk or
see Fig. 12 reporting the distribution of plastic slip on an external face of the
aggregate). In contrast, deformation meso-structures develop like deformation
bands that go across several grains. Percolated dissipation structures seem to find
their way through the random distribution of grains. Those features can be observed
with better accuracy on the contour of m4 discretised into 24 x24x24 quadratic ele-
ments presented in Part 1 of the article. If the kinematic hardening term is removed
from the constitutive laws, similar internal deformation structures form on the con-
tour as well as in the interior. Two pieces of information are then confirmed: (i) the
meso-structures of deformation develop at the earliest stages of plastic slip; (ii) with
72x72x72=1373248 integration points to represent the microstructure containing
200 grains, the convergence in the thickness and refinement of the meso-structures
does not seem to be attained.
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Fig. 4. (a) Final state in the stress—strain plane for all the grains according to their volume, (b) volume of
the grain vs distance to the surface of the aggregate.
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Fig. 6. (a) Grain map, (b) contour of the norm of the lattice rotation vector at the onset of plastic
deformation.

3.3.2. Direct effects of grain boundaries

In the contour plots of some specific variables, the shape of the grain boundaries
can be clearly seen. This is the case for instance for the resolved shear stress or for
the number of active slip systems, as shown previously (Quilici and Cailletaud,
1999). Interestingly, the distribution of lattice rotation also reveals the grain
boundaries. For that purpose, the model of single crystal plasticity used in this work
has been extended to include effects of small rotations. The gradient of the velocity
field is divided into symmetric and skew-symmetric parts according to:

wj = &jj + wjj 2)
« b 1 .5 S8 S8
wjj = o + wZ with wf; = ZEV (ml-nj — mjni) 3)

The elastic part f; accounts for the lattice rotation rate with respect to the refer-
ence space frame and, as a skew-symmetric tensor, can be represented by a pseudo-
vector and integrated. The local redistribution of the norm of the lattice rotation
vector around the grain boundaries is shown in Fig. 6. Lattice rotation can be
maximum near the boundary or in the core of the grain, but the lattice curvature
associated with the gradient of the lattice rotation vector is always maximum near
the grain boundaries.

3.3.3. Intragranular stress state

The overall integration points of one grain are considered in Fig. 8; their response
is given at three strains (£ = 0.5, 1.0 and 1.5%), together with the mean response of
the grain and the response of a single crystal having the same orientation in tension
up to 1.5%. The local stress—strain curve shows again more and more scatter; even
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Fig. 7. Contour of the equivalent cumulated plastic strain on two slices of the interior bulk: (a) slice
perpendicular to the x axis, (b) slice perpendicular to the y axis.

under macroscopic tensile load, the local stress in the tensile direction can be com-
pressive at some locations of the aggregate. The range of intergranular heterogeneity
can be compared to the range of intragranular heterogeneity: the mean responses of
all the grains in polycrystal (m4-200-200) are plotted with the same scale as the
responses of the integration points within the biggest grain (grain58) of the micro-
structure. On the axial stress—strain curves, the range of heterogeneity is greatly
more pronounced among points within a grain than among grains within a poly-
crystal. In the latter case, the averaging effect partially erases the local variations.
Obviously the points within a multiphase structural element (element with several
crystallographic orientations assigned to the integration points) need to be excluded
from the analysis because the way their behavior is affected by the neighboring points is
still obscure. However, as seen in Fig. 9, which corresponds to a grain containing less
integration points, the heterogeneous behavior remains characteristic of the intra-
granular behavior and the range of heterogeneity is still comparable to that observed
with mean responses of grains within the polycrystal (Fig. 2c,e). It highlights the fact
that the heterogeneity within a grain, produced mostly by the neighboring mechanical
constraints, could be a clue in the modeling of damage in polycrystalline aggregates.

The difference in the behavior within a grain in comparison with the one within a
polycrystal is emphasised when considering the local stress paths. Figs. 8 and 9 dis-
play the typical stress path observed in grain58: as a matter of fact, the lateral stress
oy, and the axial stress o.. seem to be related by a simple expression like:
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Ozz —Oxx =0y (4)

where oy refers to the actual yielding stress, which increases as the load is applied.
This is particularly well illustrated if only three strains of the load are represented
(E=0.5, 1.0 and 1.5%). As the deformation proceeds and as the elastic limit is
raised, the line of gradient equal to 1 follows the mean response of the grain by
moving to the right. This curve should be replotted in terms of principal stresses, to
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Fig. 9. Intragranular heterogeneity and effect of the free surface: responses at three strains (£ = 0.5, 1.0
and 1.5%) of all the points within grainl32 (545 points); (a, b) 0. vs €.; (¢, d) o Vs 0.z; (e, f) 0y, Vs 02;
(left) case F.E. HSB, (right) case F.E. 4FF.

fit with Tresca criterion. But, even in the present form, it highlights the constraint
effect in the grains, leading to 3D fields, and it is typical of the local behavior of each
point. Yet, because of the scale transition which produces additional hardening, this
relation is not valid anymore concerning the mean stress paths in the grains within a
polycrystal, as shown in Fig. 2b,d and f. This observation is true either for the
behavior predicted by the homogenisation model or for the mean behavior per grain
issued from F.E.
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4. The free surface effect
4.1. Phase scale

Comparison of the effective stress—strain curves from the four loading conditions
was given in Fig. 1 and showed a maximum difference of 7% between the extremal
cases of HSB and 4FF. The comparison between those two extremal cases is now
transferred to the level of the grains in Fig. 2: the mean responses in each grain,
according to BZ-homogenisation model, F.E. HSB and F.E. 4FF respectively are
plotted. The case of HSB displays the most heterogeneous intergranular behavior,
on the axial stress—strain curves as well as on the loading paths expressed with
stresses. To quantify the difference in the range of heterogeneity, the maximum
stress—strain response in each case has been extracted and compared with F.E. HSB.
Note that the most hardened grain in the case of HSB is not the most hardened in
the BZ-polycrystal, neither in the case 4FF. Anyway, the purpose is not to identify
and characterise the grains individually but only to evaluate the discrepancy between
different simulations of tensile test as the scales of representation are refined (from
macro to micro via meso). So, the maximum response obtained with BZ-polycrystal
differs from the one of F.E. HSB by —16.4% whereas the one of F.E. 4FF differs by
—12.2%. About the minimum responses, the difference reaches +33.72% in the case
of BZ-polycrystal and stands at +0.75% in the case of 4FF.

Thus the comparison at this scale allows us to calibrate the limitations of the
homogenisation model with the assumption of uniform fields in the phases: despite
the very good agreement at the global scale (0.22% on the axial stress at 1.5% axial
strain), the fields in the actual material reflect disordered behaviors among grains
that cannot be captured with the simplified model; for instance, on Fig. 2a the dis-
tribution of the axial stresses on a line of gradient equal to « x u [« and u being
defined in the transition rule (9) in part 1 of the article] at the end of the load is valid
on average for many orientations, but may be inadequate to represent the real
behavior of an individual grain with the same orientation.

4.2. Analysis in planes parallel to a free surface

The behavior is represented according to the distance to a lateral free face (y = 0)
in Fig. 10. This face is free for the case 1FF, and for 4FF, and is submitted to the
conditions defined in Section 2 for HSB and MB. Several types of variables are
averaged in planes parallel to that lateral face. The effect of the applied boundary
conditions can then be checked on average, independently of the local variation due
to the environment of each grain. The von Mises stress (Fig. 10a) is lower by 12% in
case 4FF than in case HSB near the surface region; it also has to be noted that MB
case is not far from 1FF and 4FF cases: letting free the in-plane displacements on
the lateral sides of the cube produces a significant stress relaxation. The von Mises
strain [((2/3)e” : &")™’] (Fig. 10b) and the cumulated plastic strain [[(2/3)é" :
g'P)O'Sdt] (Fig. 10d), which respectively quantify the actual plastic strain state and the
length of the macroscopic plastic strain path, give the same information. They show
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that the strain is lower for the case of constraint boundary conditions (20% lower
near the surface for HSB compared to 4FF). Fig. 10c shows the evolution of the
amount of plastic slip: it is defined as the sum of the slip over the systems (ZS])/SD.
Contrary to the deformation, it is bigger near the surface for HSB than for the other
cases. The fact that more plastic slip finally induces less strain for HSB can be
explained by Fig. 10e and f, which demonstrates that the value of the larger slip
(Fig. 10e) is lower for HSB, and that the number of slip systems (Fig. 10f) is larger,
leading to a competition between the systems. In the case of free boundaries, the
predominant slip benefits from “more space” to develop, and produces important
strain, whereas in the case HSB, the action of predominant slip remains limited by
the other systems, which develop to reduce strain incompatibilities.

Considered altogether, those effects, which appear to be the same on either side of
the aggregate, lead to the observation of softened free surfaces where both axial
stress and plastic slip proved to be lower in the near surface region when no condi-
tion is imposed to this surface. Besides, the free surface enables the loading paths in
its neighborhood to be more proportional than in the case of a surface with homo-
geneous strain conditions.

4.3. Analysis in particular grains

The previous remarks can be made for particular grains studied in Fig. 8 and 9.
They show the response at each point of (i) the biggest grain of the aggregate
(grain58 described with 2265 points) and (ii) the most hardened grain (graini32).
The average number of active slip systems in these grains has been counted: they are
defined as the systems where cumulated slip has exceeded 0.00001 during the tensile
test. The maximum cumulated slip averaged in those grains are also given in Table 1.
The behavior of those particular grains is compared to the one of the single crystals
with the same orientations. The agreement about the average amount of cumulated
slip in grain58 is admittedly good: this grain is very large so there might be some
places of the grain which are not influenced by its neighbors; furthermore, due to its
position in the core of the aggregate, it is surrounded by a large number of grains
with different orientations thus forming a quasi-homogeneous surrounding medium,
as in the self-consistent scheme. But the number of active slip systems fails to be
reproduced when the crystal is embedded in the aggregate. About graini32, there is
no comparison to be made. The grain is too close to the boundary and too small to
be associated to the behavior of the single crystal. However, a direct effect of the
interaction with a free surface lies in the number of activated slip systems depending
on the loading condition studied: whereas only 5 systems contribute to the defor-
mation in the case 4FF, 8 slip systems are required for the accommodation of the
deformation of the grain under HSB.

4.4. Analysis on a line perpendicular to the free surface

The analysis is then pursued deeper into the microstructure: the evolution of the
local strains along the integration points of a straight line going from a lateral side
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Fig. 10. Variables averaged in planes parallel to a lateral face of the polycrystal in the four cases of load:
(a) equivalent stress; (b) equivalent strain; (c) amount of plastic slip; (d) equivalent cumulated plastic
strain; (¢) maximum plastic slip over the 12 systems; (f) number of slip systems whose plastic slip exceeds
0.001 (continued on next one).
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of the bulk to the other is shown in Fig. 11. Considering the amount of plastic slip,
we can deduce that (i) the intergranular compatibility forces the grain boundary
region to deform more than the core of the grain, (ii) the deformation pattern in
some grains is predominantly influenced by the neighboring grains, more than by
the crystallographic orientation, (iii) the interaction with the boundaries of the bulk
is of the same order as the effect of a free surface (about 20%) since the discrepancy
between two cases of load in F.E. is of the same order as the difference between the
response of the homogenisation model and the response of the F.E. computations.

0.06 ! : ; . . : . .
i i homogeneous bound. cond.
i ; mixed bound. cond.
one free lateral face
four free lateral faces
0.05 BZ
a 0.04
]
L
®
©
2 0.03
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001 | 5 .
0 I 1 I 1 1 | 1 1
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Fig. 11. Evolution of the amount of plastic slip on a line perpendicular to the free surface of the poly-
crystal in the four cases of load; the line is located in the core and goes from side to side.

Table 1
Effect of the free surface on the mean behavior in particular grains: number of active slip systems together
with the maximum cumulated slip

Case of load Grain58 (the biggest) Grainl32 (the hardest)
Single crystal 2 3
0.0164 0.0259
Polycrystal HSB 10 8
0.0138 0.01388
Polycrystal 4FF 10 5

0.0156 0.0184
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min:0.000263 ; max:0.104606 min:0.002201 , max:0.114021
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Amount of plastic slip

Bl
min:0.006957 , max:0.076707

(©) (d)

Fig. 12. Contour of the amount of plastic slip on a lateral face of the polycrystal subjected to the condi-
tions: (a) 4FF; (b) MB; (c) HSB; (d) associated grain map.
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4.5. Analysis on contour plots

Figs. 12 and 13 illustrate the local effect of a free surface on the external contour
of the aggregate. They confirm the effects observed with averaged values: the
amount of plastic slip, for instance, reaches larger values in the case 4FF than in the
case of HSB. As a natural consequence, the distribution of plastic slip appears
more heterogencous in the case of a free surface. This remark is consistent with the

E = 1.5 % : min:227.21 max:651.06 MPa E = 1.5 % ; min:247.66 max:668.05 MPa
(a) (b)

T

2300 300.0 370.0 440.0 5100 650.0
Von Mises stress (MPa)

b

E = 1.5 % : min254.02 max:623.33 MPa
(c)

Fig. 13. Contour of the von Mises stress on a lateral face of the polycrystal subjected to the conditions (a)
4FF; (b) MB; (c) HSB; (d) shows the corresponding grain map.
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comparison made on the axial stress: larger averaged stress (case HSB) can also be
associated with a more heterogeneous field.

Fig. 13 combined with Fig. 12 also provides interesting information about the
mechanisms involved in the accommodation of the deformations of the grains at the
surface of the cube: as it was found experimentally (Ungar et al., 1998; Zehetbauer
et al., 1999) and by simulations (Teodosiu et al., 1991; Harder, 1999), internal
stresses appear larger near the grain boundaries than within the grain interiors, more
particularly in the cases of mixed boundary conditions. The regions with high stress
levels are commonly considered as those where dislocation densities are the highest
(Teodosiu et al., 1991). Moreover, according to (Liu et al., 1998), the majority of the
dislocations at the grain boundaries are related to active slip systems predicted by a
Schmid factor analysis. Consequently, since the resolved shear stress on a slip system
is related to the stress in the grain through a Schmid factor, the resulting slip activity
provides some qualitative information on the dislocation density. As the amount of
plastic slip defines the sum of the slip over the slip systems, a region where the
amount of plastic slip is the most pronounced may correspond to a region of high
amount of stress, specially if it is close to a grain boundary. This is consistent with
the observed contours of the amount of slip (Fig. 12): the regions of high amount of
stress are also those of the most developed plastic slip (which is not necessarily true
about the equivalent deformation).

Consequently, as the aggregate subjected to HSB proved to produce the highest
amount of plastic slip (Fig. 10c) as well as the highest amount of stress, the effect
observed can be said to be the effect of a softened free surface: in a polycrystalline
aggregate with a free surface, the plastic deformations develop more freely. This
corresponds to the case when dislocations simply vanish as they reach the surface,
instead of dividing into two halves of a dipole, one which leaves the surface, the
other which remains thus increasing the dislocation density (Ungar et al., 1998).

5. Conclusion

Finite element computations of a synthetic polycrystal are performed, using large
finite element meshes to represent a significant number of grains with a significant
number of Gauss points, and crystallographic viscoplastic laws. It has been observed
that the mechanical response is successfully captured by a self-consistent approach,
at least for the global stress—strain curve, and the averaged values for each phase: the
agreement is very good and relatively independent of the applied boundary condi-
tions, so that the presented aggregates are not far from being representative volume
elements. We obtain however 6-10% variation on the overall axial stress level. A
systematic study on the estimation of the typical size of a RVE for a polycrystalline
material is in progress, it may also be related to an intrinsic length scale of the
material. In the constitutive modeling of single crystals used in this work, no
intrinsic length scale can be introduced, so that no absolute size effect can be
accounted for. Moreover, relative size effects regarding the ratio between grain size
and the size of the cube play a major role in the definition of a RVE. Current work
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focuses on the introduction of generalised plasticity models (Forest, 1998) in order
to introduce an absolute scale for the aggregate and describe grain size effects.

On the other hand, the major quantitative result deals with the local hetero-
geneity, which is not taken into account by the models involving average fields.
Variations of +100% can be found on quantities like the axial stress component
averaged in one grain due to the action of the real neighborhood. These variations
are still bigger if local stress/strain contours are considered. Inside each grain, dra-
matic redistributions related to the plastic flow can lead to cumbersome stress states,
with local axial compression under global tension load. Surprisingly, plastic defor-
mation structures develop at a larger scale than the grain, showing that self-organi-
sation phenomena related to neighborhood effects play a major role: the areas of
intense plastic slip are clearly connected neither with a given crystallographic orien-
tation nor with a given position with regards to surface, but it is the result of the
joint effect of several grains.

Collecting data concerning these various intragranular stress/strain states will
allow us to revisit damage development in polycrystalline materials. The present
work already enables us to characterise the surface effect: by taking the case of
homogeneous strain as a reference, it can be shown that for a free surface, the axial
stress is lower, and the plastic strain is larger, even if the total amount of plastic slip
is lower. Since the constraints are lower at the surface, the plasticity development is
freer, and each slip system is more efficient, a lower number of slip systems being
active. These results confirm other numerical attempts to characterise the softening
in the vicinity of the surface (Pilvin, 1998; Sauzay and Gilormini, 1999). Never-
theless, the effects due to the neighborhood of a grain are more significant than the
surface effect. The present paper tries to bring a new element in the discussion by
pointing out the well-known fact that the classical models of an inclusion embedded
in a homogeneous medium do not capture the intragranular effect, and under-
estimate the real heterogeneity in the material.
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